Introduction {#S1}
============

Allostery, critical for regulating protein activity in nearly all cellular processes, allows for coordinated conformational transitions in oligomeric complexes and modulates protein function in response to changing environmental or metabolic conditions \[[@R1]--[@R4]\]. Unlike other easily identifiable regulation strategies, such as post-translational modifications, allostery is defined by specific protein conformational changes in response to ligand concentration \[[@R5]\]. Defining the mechanism of an allosteric system therefore requires identifying the residues responsible for communicating conformational changes, often between distant regions in a protein or complex. Although described over 50 years ago, there remains no systematic strategy to determine allosteric mechanisms.

Detailed structures of relevant ligand states, if available, may suggest allosteric residues within a protein. Structural perturbation approaches \[[@R6],[@R7]\] and network analyses \[[@R8]\] when applied to these structures may suggest allosteric mechanisms. However, uncovering key allosteric positions is often limited by the structural intuition of the investigator. In an effort to augment available structural data, computational frameworks have sought to predict allosteric networks from multiple sequence alignments \[[@R9]\] ([Figure 1A](#F1){ref-type="fig"}). Such techniques are based on the notion that positions engaged in functionally or structurally important contacts will coevolve ([Fig. 1A](#F1){ref-type="fig"}), producing patterns of covariation not seen between unlinked positions.

The most frequently used measures for contact prediction and covariation, mutual information (MI) and Statistical Coupling Analysis (SCA), have been wielded to great effect in biochemical studies of protein allostery \[[@R10]\]. As these predictions are based on detecting correlated mutations on a background of random sampling in extant sequences, they are also constrained by a number of biases. For instance, the underlying phylogeny of sequences can influence observed residue covariance \[[@R11]\]. Uneven sampling from the sequence space of a given protein family also introduces bias into the estimation of covariation. Finally, most existing algorithms also are strongly biased by residue conservation and are thus not applicable to highly conserved protein families. The existence of these biases has not precluded the successful application of covariation-type methods as tools for hypothesis generation in protein structure and function studies \[[@R10],[@R12]--[@R15]\] \[[@R16],[@R17]\]\[[@R17],[@R18]\]. Many essential macromolecular complexes are both difficult structural targets and well conserved across evolution, leaving few viable strategies for uncovering their mechanisms of allosteric control. Among such conserved cellular machines, group II chaperonins stand out for their structural complexity and intriguing allosteric regulation.

Group II chaperonins consist of two eight membered rings stacked back-to-back and are obligately required to folding many essential archaeal and eukaryotic proteins \[[@R19]--[@R21]\]. Upon ATP hydrolysis, extended helices from each subunit coalesce to form an iris-like lid, thus creating a central chamber that encapsulates bound polypeptides and provides an isolated folding environment. The ATP-driven conformational cycle of chaperonins is controlled by a system of nested cooperativity conserved from archaea to eukaryotes \[[@R22]\],\[[@R23],[@R24]\] ([Fig. 1B](#F1){ref-type="fig"}). Subunits in one ring exhibit positive cooperativity increasing nucleotide turnover while negative cooperativity between the two rings slows cycling at high \[ATP\] ([Figure 1B](#F1){ref-type="fig"}) \[[@R23],[@R24]\]. The allosteric determinants underlying both positive and negative cooperativity have yet to be identified.

Here, we develop a novel framework for predicting allosteric networks in conserved proteins and apply it to archaeal group II chaperonins. To correct the bias introduced by residue conservation we combined the average product correction (APC) with normalized mutual information (NMI). We show that our approach outperforms SCA5 and MI with respect to residue conservation and sensitivity to noise. Using this approach, we identify a spatially contiguous network of residues that controls chaperonin allostery. This network comprises the ATP binding pockets of all subunits of a given ring, linked through a single interfacial residue. We show that this residue, Met47, is involved in the assembly of the chaperonin complex and regulates the allostery of nucleotide cycling.

Our analyses suggests that evolution has limited the extent of cooperativity of nucleotide cycling to be lower than attainable by the complex, likely to broaden the range of conditions over which the chaperonin can function. Thus, complexes maintaining cellular proteostasis have tuned allostery to ensure the robustness of the folding network. The successful identification of allosteric determinants in the group II chaperonins suggests this framework may also be useful for understanding allosteric networks in other conserved protein machines.

Results {#S2}
=======

An entropy-independent coevolution analysis framework {#S3}
-----------------------------------------------------

Statistical coupling analysis (SCA) and mutual information (MI) are the most commonly used covariation measures for inferring allosteric residues from protein multiple sequence alignments. These measures are known to depend strongly upon the conservation of residues in an alignment \[[@R16],[@R17]\] ([Figure 1C](#F1){ref-type="fig"}, [S1; Supplemental Methods](#SD1){ref-type="supplementary-material"}). As such, SCA and MI perform poorly with well conserved protein families such as the group II chaperonin (not shown)\[[@R16],[@R17]\]. The conservation dependence of mutual information is ameliorated by normalizing the mutual information between each residue pair by dividing by the joint entropy of the pair yielding a measure known as normalized mutual information (NMI; see [Supplemental Material](#SD1){ref-type="supplementary-material"} for detailed description) \[[@R25]\]. We combined NMI with the average product correction (APC) which corrects to some extent for the effects of phylogeny and sampling bias in the extant sequence pool \[[@R26]\]. Average product corrected mutual information (MIp) is regarded as the best performing information theoretic measure of amino acid covariation which does not rely on an optimization routine \[[@R27]\]. Nevertheless, MIp has similar entropy dependence to MI and is thus not applicable to conserved protein complexes ([Figure 1C](#F1){ref-type="fig"}, [S1](#SD1){ref-type="supplementary-material"}). We constructed a measure that combines the favorable properties of MIp with the reduced entropy sensitivity of NMI. We call this new measure average product corrected normalized mutual information (APC-NMI; see [Supplemental Methods](#SD1){ref-type="supplementary-material"}). For a multiple sequence alignment of a protein with *n* residues and *m* sequences, *M* ∈ *R^n^*^×^*^m^*, the average product corrected normalized mutual information (APC-NMI) between any pair of residue positions, *i* and *j*, is given as:
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wherein I(M~i~, M~j~) denotes the mutual information between positions i and j and H(M~i~, M~j~ is the Shannon entropy, i.e. the sequence diversity, of the joint probability distribution for residue i and j. The average product correction (APC) is given as:
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which is the product of the means of the mutual information vectors for residues i and j (see [Supplementary Material](#SD1){ref-type="supplementary-material"} for detailed description).

To test the performance of our approach, we first compared it to published methods, SCA5, MI and NMI, using synthetic alignments of a model protein with only two residues and two residue types ([Fig. 1C](#F1){ref-type="fig"}, [Fig S1](#SD1){ref-type="supplementary-material"}). This test scenario demonstrated that our new framework has reduced dependence on conservation as compared to MIp \[[@R26]\] or to the previously described coevolution metric SCA5 \[[@R9]\] ([Figure 1C](#F1){ref-type="fig"}). Our APC-NMI analysis also has the desirable feature of assigning higher raw scores to residue pairs with similar Shannon entropies ([Figure S1A](#SD1){ref-type="supplementary-material"}). This makes intuitive sense inasmuch as covarying residues would be expected to have similar degrees of conservation. However, unlike uncorrected NMI, the analysis using APC-NMI is not biased towards highly conserved positions ([Figure S1B](#SD1){ref-type="supplementary-material"}). As in previous work, predicted coupled or covarying residues may be subjected to an empirical significance threshold and inspected directly \[[@R25],[@R26]\] or may be decomposed into components as in statistical coupling analysis \[[@R9]\].

We utilized our new approach to define an allosteric network within the archaeal group II chaperonins \[[@R19],[@R20]\] ([Figure 1B](#F1){ref-type="fig"}, see detailed description in [Supplemental Material](#SD1){ref-type="supplementary-material"}). We began our inquiry by generating a high quality alignment and phylogenetic tree of the curated chaperonin peptide sequences found in the cpnDB \[[@R28],[@R29]\]. Of the 2225 annotated group II sequences, 573 resided in the archaeal clade ([Fig. 1D](#F1){ref-type="fig"}). We aligned the archaeal clade with Clustal Omega \[[@R29]\] and computed the APC-NMI matrix ([Figure S2C,D](#SD1){ref-type="supplementary-material"}). The APC-NMI scores were converted into p-values by bootstrapping the distribution of pairwise scores. We retained 63 residues participating in 64 couples below a threshold of p=0.005. The residues communicate across all three domains of the chaperonin subunit ([Figure 1E](#F1){ref-type="fig"}) creating interconnected networks, the largest consisting of 19 residues (red highlight, [Fig. 1F](#F1){ref-type="fig"}). Most importantly, this network strongly associated with the first component of the APC-NMI matrix ([Figure 1F](#F1){ref-type="fig"}, [S3](#SD1){ref-type="supplementary-material"}).

A spatially contiguous allosteric network for intra-ring communication {#S4}
----------------------------------------------------------------------

Mapping the larger network of covarying residues from [Fig 1F](#F1){ref-type="fig"} onto the structure of an archaeal chaperonin \[[@R30]\] revealed contiguous contacts throughout all subunits of each chaperonin ring ([Figure 2A](#F2){ref-type="fig"}, left). Centered around the nucleotide binding pocket of each subunit, this network suggests a pathway through which allosteric information is communicated around the ring to regulate ATP cycling ([Figure 2A](#F2){ref-type="fig"}, right). The other, smaller networks uncovered in our approach also mapped to spatially contiguous sets of residues (e.g. [Figure S4](#SD1){ref-type="supplementary-material"}) suggesting that for these covariation likely arises from structural, or perhaps also functional, constraints. Given our interest in allosteric regulation of ATP hydrolysis, we focused on the large network communicating the ATP binding sites and the smaller networks were not investigated further.

Almost all residues in the largest network we identified surround the bound nucleotide, supporting the notion that our approach uncovered a *bona fide* allosteric network in group II chaperonins. Only two residues in this network are located outside the equatorial domain, apical residues Met223 and Pro224. Notably, the mutation M223I allows the archeal group II chaperonin to replace the essential group I chaperonin, GroE, to support bacterial growth, suggesting this position may also influence the chaperonin folding cycle \[[@R31]\]. In the equatorial domain, this network encompasses key elements known to participate in the chaperonin nucleotide cycle ([Fig. 2B](#F2){ref-type="fig"}). Such motifs include the P-loop, key for ATP binding (Thr93, green, [Fig. 2B](#F2){ref-type="fig"}); the Nucleotide Sensing Loop (NSL), which senses whether the γ-phosphate in ATP has been hydrolyzed to ADP (Lys161, red, [Figure 2B](#F2){ref-type="fig"}) and the catalytic residue, Asp386 (yellow, [Figure 2B](#F2){ref-type="fig"}) \[[@R30],[@R32]\]. Further examination of the network revealed two as yet unstudied residues, Glu408 and Lys495, contacting the ribose of bound nucleotide (magenta, [Fig. 2B](#F2){ref-type="fig"}). Multiple residues of the Stem Loop, a β-hairpin at the interface of adjacent equatorial domains, are also identified (blue, [Figure 2B](#F2){ref-type="fig"}). One of these, Met47, spans the subunit interface and interacts with the first helix of its neighbor ([Figure 2B, C](#F2){ref-type="fig"}).

Met47 is well positioned to allosterically link the nucleotide binding sites of neighboring subunits ([Figure 2C](#F2){ref-type="fig"}). Starting from the ATP binding site, the base of the Stem Loop interacts with the nucleotide and extends towards the central axis of the complex. Met47 then extends from the stem loop across the intra-ring subunit interface to residues Asn24 and Ala20 at the N-terminal end of helix H1 in the neighboring subunit (Hx1 in [Figure 2C](#F2){ref-type="fig"}) \[[@R30],[@R32]\]. The C-terminal end of helix H1 contacts the nucleotide in this neighboring subunit and then forms the base of its Stem Loop. We hypothesized that this repeating pattern of communication could connect all intra-ring nucleotide binding sites and regulate allostery.

Steric compatibility at stem-loop interface is required for chaperonin assembly {#S5}
-------------------------------------------------------------------------------

The single interfacial residue of the network, Met47, was a clear candidate to mediate communication between adjacent subunits. We tested the relevance of this residue using the homo-oligomeric archaeal group II from *Methanococcus maripaludis*, herein Cpn. Cpn has served as a versatile model system for investigating the group II chaperonins \[[@R33],[@R34]\] and has proven particularly amenable to structural \[[@R30],[@R35]--[@R37]\] and biochemical studies \[[@R23],[@R38]--[@R40]\].

Over 95% of archaeal sequences, including Cpn, contain methionine at position 47, with leucine and isoleucine being the only alternative residues ([Figure 3A](#F3){ref-type="fig"}, left). Half of the subunits in eukaryotic chaperonin TRiC also favor methionine at this position, with the other four favoring leucine or isoleucine ([Figure 3A](#F3){ref-type="fig"}, right). To test the functional significance of these variants, we introduced these substitutions in Cpn (herein *Met47*). While M47L-Cpn (herein *Leu47*) assembles into the full 1 MDa complex, M47I-Cpn (herein *Ile47*) is monomeric, as determined by SEC-MALS ([Figure 3B](#F3){ref-type="fig"}). This assembly phenotype can be rationalized by the architecture of the inter-subunit interface. Met47 interacts with a narrow pocket on the adjacent subunit, which appears incapable of accommodating β-branched amino acids ([Figure S5A](#SD1){ref-type="supplementary-material"}). Indeed, additional mutants predicted to disrupt this tight interface, also yield stable monomers ([Figure S5C, S6A-B](#SD1){ref-type="supplementary-material"}).

The tunable allosteric regulation of chaperonin cooperativity {#S6}
-------------------------------------------------------------

We next examined the effect of these variants on the allostery of ATP hydrolysis. As all chaperonins, Cpn has nested cooperativity for ATP hydrolysis, whereby subunits in one ring exhibit positive cooperativity at low and intermediate ATP concentrations, while negative cooperativity between the rings slows turnover at high ATP concentrations \[[@R23]\]. Of note, the monomeric *Ile47* chaperonin hydrolyzes ATP at roughly twice the rate of WT ([Figure S7A](#SD1){ref-type="supplementary-material"}). This likely arises due to the lack of negative cooperativity, which limits cycling in the assembled complex at high \[ATP\] ([Figure S7A](#SD1){ref-type="supplementary-material"}) \[[@R23]\]. In contrast*, Leu47* displays nested cooperativity as observed for *Met47*; nucleotide hydrolysis increases cooperatively over low \[ATP\] and decreases at physiological levels of ATP ([Figure 3C](#F3){ref-type="fig"}). Strikingly, *Leu47* alters the allosteric regulation of ATP cycling. The initial transition at low \[ATP\] became more cooperative, with a Hill coefficient for nearly double that of *Met47* ([Figure 3D](#F3){ref-type="fig"}). The decrease in turnover at high \[ATP\] is largely unchanged in *Leu47* with respect to the *Met47*, suggesting this variant affects specifically intra-ring positive cooperativity ([Figure S7B](#SD1){ref-type="supplementary-material"}). We conclude that the residue at position 47 relays allosteric information between neighboring intra-ring subunits.

Mechanistic basis of positive cooperativity in group II chaperonins {#S7}
-------------------------------------------------------------------

The fact that the single *Leu47* mutation can double the Hill coefficient in Cpn affords an opportunity to understand allosteric regulation in chaperonins. To examine the allosteric changes introduced by Leu47, we compared discrete steps of the nucleotide cycle. Total ATP binding was monitored through α-^32^P-ATP recovery, whereas ATP hydrolysis was monitored by comparing the levels of bound α- and γ-^32^P radiolabeled ATP, which define the amount of ATP hydrolyzed by the complex ([Figure 4A](#F4){ref-type="fig"}). The hydrolysis-deficient mutant D386A serves as a control, as it should bind equal levels of both α- and γ-^32^P ATP. Despite cycling ATP faster than *Met47*, *Leu47* binds only modestly more nucleotide than the WT ([Figure 4B](#F4){ref-type="fig"}*i-ii*). Further, the difference between total and non-hydrolyzed ATP is unchanged ([Figure S8](#SD1){ref-type="supplementary-material"}). This indicates that the increase in nucleotide turnover at high ATP concentrations is not due to *Leu47* complexes hydrolyzing more nucleotides per cycle.

At low ATP concentrations, *Met47* and *Leu47* also bound equivalent amounts of nucleotide ([Figure 4B](#F4){ref-type="fig"}*iii*). However, unlike *Met47*, *Leu47* did not hydrolyse detectable amounts of bound nucleotide ([Figure S8](#SD1){ref-type="supplementary-material"}). Thus, the slower cycling of M47L at low \[ATP\] is linked to a lack of nucleotide hydrolysis rather than lower nucleotide binding. Thus, the network centered around *Met47* senses nucleotide occupancy and establishes a minimal threshold required to trigger the conformational change that accompanies ATP hydrolysis.

Our data indicate that *Leu47* raises the nucleotide occupancy requirement for ATP hydrolysis, which manifests as no hydrolysis at low \[ATP\]. Since *Leu47* has higher ATPase rates at high \[ATP\], we next tested whether M47L changes the dynamic equilibrium between the open and closed populations. To this end, we exploited the observation that open and closed chaperonins have distinct sensitivities to Proteinase K digestion \[[@R23]\]. Upon closure, the unstructured, protease sensitive apical domain protrusions coalesce to form a protease-resistant lid over the folding chamber. Accordingly, protease sensitivity can assess the kinetics of lid closure of the complex ([Figure 4C](#F4){ref-type="fig"}). *Leu47* shows slower protease digestion ([Figure 4C](#F4){ref-type="fig"}) indicating that, at steady state, a greater proportion of complexes exist in the closed conformation. Given equivalent nucleotide occupancy and faster overall turnover, we can conclude that the transition from the open to the closed conformations, driven by ATP hydrolysis, is occurring faster in *Leu47* ([Figure 4D](#F4){ref-type="fig"}).

Taken together, the above experiments establish how the network centered on residue 47 establishes allosteric communication between subunits. First, it allows subunits to sense nucleotide occupancy in their intra-ring neighbors, thereby setting the threshold of occupancy required to trigger ATP hydrolysis. In turn, this modulates the rate of lid closure ([Figure 4D](#F4){ref-type="fig"}). Allostery is tunable by a single point mutation, which can enhance cooperativity by raising the nucleotide occupancy threshold, thereby resulting in faster cycling.

Linking chaperonin cooperativity to substrate folding {#S8}
-----------------------------------------------------

We next examined the role of chaperonin oligomerization state and cooperativity on misfolded protein binding and folding ([Figure 5](#F5){ref-type="fig"}). Whether the oligomeric structure of chaperonins is required to suppress protein aggregation and promote folding has been a matter of debate \[[@R41]--[@R44]\]. We first compared the ability of monomeric and oligomeric forms of the chaperonin to suppress aggregation ([Fig. 5A](#F5){ref-type="fig"} and [S9](#SD1){ref-type="supplementary-material"}). We used the aggregation-prone RadB, an endogenous Cpn substrate in *M. maripaludis* ([Fig 5B](#F5){ref-type="fig"}) (Lopez *et al*. unpublished). RadB readily aggregates when diluted from denaturant, but *Met47* Cpn efficiently suppresses aggregate formation. *Leu47* Cpn similarly suppressed RadB aggregation, indicating both oligomeric chaperonins have similar affinity for the unfolded polypeptide ([Fig. 5B, 5C](#F5){ref-type="fig"}). Surprisingly, the monomeric chaperonin *Ile47* also suppressed RadB aggregation at similar substrate-Cpn monomer molar ratios as in the fully assembled complexes ([Figure 5B, C](#F5){ref-type="fig"}, [S9](#SD1){ref-type="supplementary-material"}). Thus, the oligomeric architecture is not required for efficient suppression of aggregation. While previous findings showed isolated substrate binding apical domains of GroEL and CCT subunits can prevent aggregation *in vitro* and *in vivo,* the apical domains always exhibited lower efficiency than the assembled complex \[[@R41]--[@R44]\]. This finding, that cpn monomers are as efficient as the full oligomer, suggests that avidity derived from polyvalent interaction does not play a substantial role in the binding of at least some proteins.

Efficient substrate binding does not necessarily predict efficient folding. We compared the ability of *Met47*, *Leu47* and *Ile47* to promote nucleotide-dependent folding of the model substrate, rhodanese. Folding was examined under two regimes. With ATP, the chaperonin cycles between the open, substrate binding, state and the closed, substrate folding, state allowing for iterative cycles of substrate binding and release \[[@R20],[@R45],[@R46]\]. ATP-AlFx creates a trapped, closed, state following one round of hydrolysis, as the AlFx mimics the trigonal-bipyramidal state of ATP-hydrolysis \[[@R47]\]. Under these conditions the substrate is encapsulated within the chamber and folds without re-opening ([Fig. 5C](#F5){ref-type="fig"}) \[[@R38]\]. Under both nucleotide regimes, *Met47* and *Leu47* efficiently and comparably folded rhodanese in an ATP-dependent manner ([Fig. 5D](#F5){ref-type="fig"}). In contrast, despite rapid nucleotide hydrolysis, *Ile47* monomers failed to promote ATP-dependent substrate folding ([Figure 5D](#F5){ref-type="fig"}). Thus, productive folding of proteins such as rhodanese requires encapsulation and release within the oligomeric chaperonin chamber \[[@R38]\].. However, monomers retain basic chaperone functionality, suppression of aggregation and ATP hydrolysis, that may serve a role in the proteostasis network. This could be particularly useful in archaea, which lack the diverse chaperone machinery common to higher organisms \[[@R48]\].

That single substitutions are capable of eliciting such dramatic changes in allostery, raises the questions of why *Met47* is the dominant variant in archaea and why this specific cooperative setpoint has become prevalent across group II chaperonin evolution. The chaperonins use ATP hydrolysis to cycle between two conformational states. In the open state they bind non-native proteins and suppress aggregation, independent of nucleotide concentration. Folding occurs only when the bound polypeptide is encapsulated and released into the closed chamber \[[@R38]\]. The hydrolysis cycle drives the transit between these states and any allosteric change will impact the folding activities of the chaperonin ([Figure 5E](#F5){ref-type="fig"}).

In principle, it may appear beneficial to increase the extent of cooperativity and maximize folding activity with minimal ATP. To test this, we compared substrate folding rates for the *Met47* and *Leu47* Cpn variants at intermediate and low \[ATP\]. Despite faster cycling at intermediate \[ATP\], substrate folding by *Leu47* shows no rate or yield enhancement compared to the less-cooperative *Met47* ([Figure 5F](#F5){ref-type="fig"}). Of note, at very low \[ATP\] the more cooperative *Leu47* shows a defect in substrate folding ([Figure 5G](#F5){ref-type="fig"}). These results suggest that group II chaperonins have tuned this allosteric network to maximize the range of \[ATP\] at which folding can occur over a mechanism which allows faster cycling. Increasing cooperativity appears to undermine chaperonin folding activity when ATP is limiting, without providing any benefit when it is abundant.

Discussion {#S9}
==========

The complex allosteric regulation of group II chaperonins, key to their activity *in vivo*, has remained elusive. Since chaperonin conservation precluded application of current mathematical approaches to predict networks of covarying residues, we developed a method for predicting covarying residues in highly conserved protein families based on a corrected form of mutual information. This approach revealed a contiguous allosteric network that comprises residues involved in nucleotide cycling and connects all nucleotide binding pockets across the chaperonin ring. Focusing on the interfacial residue in this network defined how intra-ring positive cooperativity is regulated in group II chaperonins. In particular, this residue, located in the stem loop connecting adjacent subunits determines the setpoint for allosteric regulation.

We find that the extent of chaperonin cooperativity is not defined by the overall architecture of the complex or the large scale domain movements of the individual subunits. Instead, it is guided by a network of residues communicating the earliest steps of the hydrolysis cycle throughout the ring. Nucleotide occupancy within a ring is sensed and communicated through this network by a residue in the β-sheet formed by the stem loop of one subunit and the N- and C-terminal tails of its neighbor..

Our analysis highlights the way in which cycling is controlled under different nucleotide concentration regimes ([Figure 4D](#F4){ref-type="fig"}). At low ATP concentrations, only those complexes that have bound a sufficient number of ATP are able to close their lid. That a single mutation of the network increases this occupancy threshold indicates that the chaperonin does not require full nucleotide occupancy for closure. In the case of Cpn, all the subunits are chemically identical and thus sub-stoichiometric occupancy cannot be attributed to distinct intrinsic affinities. This is not the case for the hetero-oligomeric eukaryotic chaperonin TRiC/CCT. TRiC subunits have markedly distinct affinities for ATP and nucleotide binding to half of its eight distinct subunits is dispensable for viability \[[@R49]\]. The evolution of TRiC subunits with distinct nucleotide affinity likely arose from the fact that archaeal chaperonins, even those that are homo-oligomeric, cycle with fewer than eight bound nucleotides.

The interface between the stem loop and neighboring subunit is also important for complex assembly. The analysis of the geometry at this interface ([Figure S5](#SD1){ref-type="supplementary-material"}) provides an intriguing possibility for the unique architecture of TRiC, where the eight paralogous subunits assemble into a sole functional arrangement \[[@R50],[@R51]\]. Perhaps eukaryotes exploit this interface to limit the number of possible subunit arrangements within TRiC. Incompatibilities between subunits, such as those that exist between narrow binding sites and β-branched side chains at this interface, would lead to a dramatic decrease in the number of allowable arrangements. Given the eight CCT subunits, there exist 7! (5040) possible ring arrangements. Ile47 is highly conserved in subunits CCT5 and CCT8. Requiring that these subunits abut one of the two compatible binding partners results in the number of possible arrangements being 2\*5! (240); a greater than 95% reduction. It is tempting to suggest that subunit-specific modulation of this interface architecture helped give rise to the precise and evolutionarily conserved arrangement of the hetero-oligomeric TRiC/CCT complex \[[@R50],[@R51]\].

Our findings underscore how complexes evolve to tune cooperativity to resolve the trade-offs required to maintain protein homeostasis under all growth conditions. The ATP-dependent enzymes responsible must be tuned to balance folding speed during rapid growth with functionality under energy-limited conditions. While single point mutations can increase chaperonin cooperativity to produce maximal substrate turnover at lower ligand concentrations, this creates a less versatile complex that has little to no activity below a given ligand threshold ([Figure 6](#F6){ref-type="fig"}). Group II chaperonins tune their allosteric networks to be less cooperative than attainable likely to support folding over the widest range of cellular nucleotide concentrations. Interestingly, this may be a general feature of ATPases involved in proteostasis. Other ATP-dependent oligomeric complexes involved in proteostasis, including the eukaryotic chaperonin TRiC, also exhibit Hill coefficients in the 1.2-1.8 range, similar to that of the chaperonin \[[@R52]--[@R54]\]. Complexes do not evolve to maximize cooperativity, but rather finely tune allosteric networks to achieve optimal activity over the range of necessary ligand concentrations. Where any given complex falls on this continuum will rely on factors such as substrate availability and how crucial function is for survival.

Our analysis of chaperonin allostery, historically refractory to many methods, highlights the predictive power of our information theoretic approach. Our approach may be useful for the analysis of other conserved protein complexes, although it does not explicitly account for other biases which plague co-evolution studies, such as the phylogenetic relationship between sequences in the MSA which is known to introduce artifactual covariation between taxa \[[@R11]\]^,\[[@R55]\]^. Indeed, covariation techniques are without a doubt useful aids to hypothesis generation \[[@R10],[@R12]--[@R15],[@R56],[@R57]\]. Contemporary algorithms relying on pseudo-likelihoods and/or sparse priors \[[@R58]--[@R60]\] are already performing well enough to inform *ab initio* fold prediction \[[@R61]\]. Despite their favorable performance, these unsupervised algorithms will likely give way in coming years to supervised deep learning-based methods with the potential to account for the biases discussed here and those of which we remain unaware. With the rapid expansion of available sequence data, these approaches could help define coevolving functional residue networks that regulate activity in other highly conserved protein families.

Materials and Methods {#S10}
=====================

Mutant purification {#S11}
-------------------

All Cpn mutants were generated using site-directed mutagenesis. Assembled complexes were purified as described previously \[[@R23]\]. Monomeric Cpn mutants were expressed off pET21a containing E. coli Rosetta DE3 pLys (EMD Millipore). After harvesting, cells were lysed by pulsed sonication on ice in MQ-A with fresh protease inhibitors. Lysate was clarified by 20,000g centrifugation for 20. Lysates were precipitated using 35% ammonium sulfate followed by pelleting at 20,000g for 20 minutes. The resulting supernatant was then brought to 55% ammonium sulfate and pelleted again. The pellet was dissolved in 50 mL of MQ-A and dialyzed against 2 L of MQ-A overnight prior to loading onto Q Sepharose FF. Proteins were eluted using a linear gradient from 0 to 1.0 M NaCl. Fractions containing Cpn were diluted 1:1 with MQ-A before loading onto Hi-Trap Heparin equilibrated in MQ-A with 0.2 M NaCl and eluted with a linear gradient to 1.0 M NaCl. Chaperonin containing fractions were concentrated using an Amicon 10K concentrator (Millipore) before sizing by Superdex200. Fractions analyzed by SDS-PAGE and cpn containing fractions concentrated using Amicon 10K concentrators.

HPLC SEC-MALS/QELS {#S12}
------------------

A 500 Å analytical sizing column (Agilent) was placed upstream of a Wyatt DAWN HELIOS, Optilab T-rEx, and QELS detectors. Column and detectors were allowed to equilibrate in 30 mM TRIS (pH 7.4), 100 mM KCl, 5 mM MgCl2, 5% (v/v) glycerol, and 0.05% sodium azide. Purified protein was diluted to 1.0 mg/mL in the mobile phase and 125 μL analyzed.

RadB aggregation suppression {#S13}
----------------------------

RadB purified from inclusion bodies was solubilized in 6 M guanidinium with 1 mM DTT and diluted to 100 μM. RadB was diluted 100 fold with Cpn at indicated molar ratios in ATPase buffer (30 mM TRIS (pH 7.4), 100 mM KCl, 5 mM MgCl2, 10% (v/v) glycerol). Reactions were monitored at 320 nm using an 8453 spectrophotometer (Agilent) while being held at 37 ° C.

Rhodanese folding {#S14}
-----------------

Rhodanese folding was assayed as described \[[@R63]\]. In brief, 0.25 μM Cpn protein was incubated in ATPase buffer supplemented with 5 mM sodium thiosulfate. Purified rhodanese was denatured in 6 M guanidinium/HCl containing 5 mM DTT. Binding to the chaperonin was achieved by 100-fold dilution into Cpn in ATPase buffer to a final concentration of 1 μM. Endpoint measurements were taken after 60 minute incubation at 37 ° C. Rhodanese either bound to Cpn or aggregated. The yield of folded rhodanese was calculated following an enzymatic assay by comparing with the activity of an equivalent amount of native rhodanese.

Enzyme coupled ATPase {#S15}
---------------------

Pyruvate kinase (PK) and lactate dehydrogenase (LDH) were used to couple ADP production to NADH oxidation which can be monitored spectroscopically. Chaperonin was incubated in ATPase buffer supplemented with 1.0 mM PEP, 0.15 mM NADH, and 5 units each of PK and LDH (Sigma-Aldrich). Reactions were added onto ATP at indicated concentrations and monitored at 340 nm using an 8453 spectrophotometer (Agilent) while being held at 37 ◦.

Radiolabeled ATP recovery {#S16}
-------------------------

Purified chaperonin was diluted to 1 μM in ATPase buffer and warmed to 37 ◦. Stocks of nucleotide were made at 10× the indicated concentrations for both radio-labeled variant (Perkin-Elmer). Chaperonin was added to ATP and incubated for 90″ before vacuum filtration through HA-nitrocellulose (EMD Millipore). Filter membranes were immediately washed with 1 mL of cold ATPase buffer before drying and counting by liquid scintillation (Beckman-Coulter).

Protease sensitivity time course {#S17}
--------------------------------

Modified from \[[@R23]\]. Concentration of proteinase K was increased to 40 ng/μL for one set of experiments. Large digest reactions were made such that time points could be removed as indicated. Reactions were stopped with 10 mM PMSF and placed on ice to halt protease activity. Samples were separated by SDS-PAGE and gels were stained with SYPRO Ruby (Invitrogen). Quantitation was performed using ImageQuant TL (GE Lifesciences).

Low \[ATP\] rhodanese folding time course {#S18}
-----------------------------------------

As described from \[[@R63]\]. The indicated concentrations of ATP were maintained throughout the course of the reaction using 1 mM PEP and 0.025 units of PK. A -ATP condition for each mutant was utilized to subtract spontaneous background refolding.

Data Availability {#S19}
-----------------

Python libraries and example code are available through the Stanford Digital Repository at: <https://purl.stanford.edu/bq811xh5964> Data for biochemistry panels available in CSV format and upon request.
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![Predicting coevolved residues in the group II chaperonins\
(A) Coevolution prediction theory. An important allosteric interaction exists between two residues. A sequence alignment for this protein family reveals a pattern of coevolution between these positions.\
(B) Group II chaperonins undergo a nucleotide dependent conformational cycle. Three subunits are highlighted to show intra- and inter-ring pairs. For simplicity, proposed cooperative transitions are schematically indicated in the symmetric complex, however asymmetric intermediates have been proposed \[[@R47],[@R62]\].\
(C) The entropy dependence of various measures for two residue alignments with two residue types in the case of maximal covariation. Sample alignments are shown above the plot and move from nearly perfect conservation (left) to 1.0 bit of entropy (right). The pairwise score is computed for the indicated measure as a function of shannon entropy. We do not evaluate APC-NMI at zero entropy as it is undefined there.\
(D) A phylogenetic tree of the group II chaperonin sequences found in the CpnDB. Residues with very low entropies are pruned from our alignments before analysis.\
(E) Predicted covarying positions identified via empirical thresholding of the APC-NMI scores, p values were generated by bootstrapping the distribution of pairwise APC-NMI scores. Background colored according to the domain architecture of the chaperonin subunit. Blue: equatorial; Yellow, intermediate; Red apical domains. Colors blended accordingly for couples between domains.\
(F) Interconnected networks formed from coupled residue pairs in F; colored according to the first component of the APC-NMI matrix decomposition. (Red outline) The largest interconnected network can also be seen to strongly correlate with the first component.](nihms887560f1){#F1}

![Contiguous network connecting all nucleotide binding sites of the group II chaperonin\
(A) (Left) Surface rendering of the residues of the largest network identified from empirical thresholding in [Fig 1F](#F1){ref-type="fig"} are shown on the structure of the closed Cpn (PDBID: 3RUW) and colored by the first component of the APC-NMI matrix. (Right) Same network viewed on a single ring looking at the base of the equatorial domain towards the chamber lid.\
(B) Close inspection of network reveals it surrounds the nucleotide binding sites. (Upper left) Network displayed on pair of intra-ring neighbors, nucleotide binding site highlighted with red outline. (Upper right) Enhanced view of boxed area. Members of key functional motifs involved in nucleotide cycling shown in sticks; the identified network residues shown in transparent surface: yellow - catalytic residue Asp386; red - Nucleotide Sensing Loop; green - P-Loop; blue - Stem Loop; magenta - Ribose binding Glu408 and Lys495. (Lower right) Rotated view of same area reveals how a residue, Met47 (yellow highlight) in the stem loop (blue) spans the intersubunit interface to interact with network residue Asn24 of neighboring subunit. (Lower left) Cartoon representation highlighting identified functional motifs (in the same colors).\
(C) Structural role of Met47 in the Stem Loop and Helix 1 in communicating nucleotide binding sites in neighboring subunits. Schematic and cut-aways of the equatorial domain viewed from above (left) and below (right) highlight how adjacent nucleotide binding sites are allosterically linked via the stem-loop region and helix 1.](nihms887560f2){#F2}

![Allosteric signals controlling nucleotide cycling are communicated through Met47\
(A) Sequence logos of Cpn-47 equivalent positions in archaeal and eukaryotic chaperonins, arrangement of the TRiC subunits indicated by inner numbers.\
(B) Size exclusion chromatography of TRiC-like Cpn mutants. Purified proteins were separated using a 500Å gel filtration column upstream of MALLS/QELS detection. Calculated molecular masses were obtained by SEC-MALLS separations shown.\
(C) Nucleotide hydrolysis rates of WT and M47L Cpn over a range of \[ATP\]. Rates shown were measured utilizing an enzyme coupled assay for ADP generated calculated by monitoring NADH oxidation at 340 nm (see Supplemental Methods). Data shown as the mean ± 95% confidence intervals of three independent replicates.\
(D) Enhanced view of first allosteric transition highlighted in (C).](nihms887560f3){#F3}

![Chaperonin cycling is defined by nucleotide occupancy\
(A) A nucleotide recovery assay utilizing both α- and γ- labeled ^32^P-ATP allows for differentiating between the phosphorylation state of bound nucleotide and calculating the amount of hydrolyzed nucleotide.\
(B) Nucleotide bound to the chaperonin at the indicated concentrations was separated utilizing HA-nitrocellulose filter membranes prior to liquid scintillation. The hydrolysis deficient mutant, D386A, is shown as a control. Data shown as the mean ± s.e.m. of three independent samples. A t-test was performed\
(C) State of the chaperonin monitored by protease sensitivity. Complexes were incubated with 40 ng/uL Proteinase K at indicated nucleotide conditions. Fraction uncut determined by SYPRO Ruby fluorescence after separation by SDS-PAGE. Data is the mean ± s.e.m of three independent replicates.\
(D) Allosteric differences between WT and M47L reveal how the folding cycle of the group II chaperonins is regulated under different nucleotide concentration regimes.](nihms887560f4){#F4}

![Influence of the extent of cooperativity on folding activity of a group II chaperonin\
(A) Comparing oligomeric and monomeric ability to suppress substrate aggregation.\
(B) Time course of aggregation suppression by Cpn. Archaeal substrate RadB was diluted from 6M guanidinium into Cpn (shown for *Met47* Cpn) at indicated molar ratios and aggregation kinetics measured by absorbance at 320 nm. Trace shown is the average of independent duplicates.\
(C) Comparing suppression of substrate aggregation by monomeric (*Ile47*) and oligomeric (*Met47*; *Leu47*) Cpn variants. RadB aggregation was assessed as in (B) at the indicated molar ratios and A320 values normalized to a no Cpn control (-Cpn). Independent duplicates are shown.\
(D) Ability of residue 47 variants of Cpn to promote rhodanese folding at 1 mM ATP in the presence or absence of AlFx. Data is the mean ± s.e.m of three independent replicates.\
(E) Hypothetical curves highlight how the indicated Hill coefficient tunes activity without altering affinity. The group II chaperonin transitions from the open to closed conformation only in the presence of sufficient ATP.\
(F) (G) Rhodanese folding by *Met47* and *Leu47* variants at (F) intermediate \[ATP\] and (G) low \[ATP\]. Nucleotide levels were maintained using a pyruvate kinase ATP regenerating system. Data is the mean ± s.e.m of three independent replicates.](nihms887560f5){#F5}

![Optimizing multisubunit enzyme cooperativity for robust proteostasis activity\
Activity of a complex is a product of both substrate availability and extent of cooperativity. The Hill coefficient is an evolvable characteristic that can be tuned to achieve function over a range of ligand concentrations. Since proteostasis is essential and must be maintained under all growth conditions, ATP-dependent machines tune their cooperativity to optimize robustness over speed.](nihms887560f6){#F6}
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